the oldest problems in physical chemistry. The understanding of these processes near interfaces is comparatively under-developed. Nevertheless, such interracial effects are critical to the performance of a wide variety of applied and fundamental processes involving heterogeneous structures.
One situation in which these types of structures are found is in polymer electrolytes of mixed hydrophobic/hydrophilic character, such as membranes used for polymer electrolyte fuel cells (PEFCS). As the name implies, the central component of a PEFC is the polymer electrolyte.
The polymer electrolyte provides protonic conductivity to complete the electrical circuit in the fuel cell. A multitude of electrochemical processes and devices utilize polymer electrolyte membranes. Nafion@, a poly(perfluorosulfonic acid) is the prototypical polymer electrolyte membrane. It exhibits favorable chemical, mechanical and thermal properties as well as high electrical conductivity when sufficiently hydrated. While Nafion@ initially found extensive application in chlor-allcali cells as a cation-exchange membrane, Nafion@ and closely related materials have recently taken center stage as a primary class of polymer electrolytes for fuel cells. However, these materials are presently rather costly. A variety of different sulfonated polymers, primarily sulfonated aromatics, are now under development worldwide.
With the central importance of water management in PEFCS, a substantial body of experimental work in ours and other laboratories has focused on water and ion transport in the hydrated Nafion@ membrane. A brief outline of the water management problem will remind the reader of the key parameters which must be understood and, if possible, controlled. In a PEFC, *Principal Investigator, e-mail: zawod@lanl.gov water is carried into the fuel cell by the humidified gas fed through gas diffusion electrodes and is produced at the cathode. A mixture of vapor and liquid phase water passes through the gas diffusion backing and catalyst layers to the electrode/membrane interfaces to hydrate the membrane. Water in the membrane is transported via two primary mechanisms: electro-osmotic drag of water by protons transported from anode to cathode and back-diffusion of water from cathode to anode. In a PEFC, these two mechanisms balance to produce the water distribution in the membranes: electro-osmotic drag and the oxidation reaction tend to create an excess of water in the vicinity of the cathode, while back-diffusion tends to flatten the water concentration profile in the membrane. Generally, one wants to maximize proton conduction at all water concentrations and minimize electroosmotic drag.
Thus, to understand water management and the conductance of a fuel cell membrane, one needs to determine the protonic conductivity, water diffusion coefficient and electroosmotic drag coefficient all as functions of water content in the membrane. We used isopiestic equilibration of membranes to control water content and published a series of papers (1-3) detailing water uptake and transport properties of the membranes. The key conclusions from these studies were (a) the water self diffusion coefficient increases with increasing water content in the membrane; (b) the proton conductivity increases with increasing hydration of the membrane; and (c) the electroosmotic drag coefficient, the number of waters transported by coupling to a protonic flux, remains a constant value of 1 for membranes equilibrated with water vapor and, at room temperature, jumps to values of between 2 and 3 for membranes immersed in liquid water. At elevated temperature, the electroosmotic drag coefficient increases still further for membranes exposed to liquid water but remains constant for lower water content.
These measured transport coefficients for Nafion were used in our model of water and proton transport in fuel cells. That work identified critical gaps in our understanding of the molecular mechanisms of proton mobility in polymer electrolyte membranes. Of particular interest is electroosmotic drag. Electroosmotic drag measurements gave the same results for several types of sulfonated membranes in contact with liquid water. This suggested to us that wall effects dominated proton transport, i.e. the structural element controlling proton transport in these materials is the tethered sulfonic acid group and its associated tightly bound water. At the outset of this project, there was simply had been no attempt at a molecular level understanding of proton conduction or electroosmosis. We hoped that our work toward gaining such a molecular picture would point towards a rational modification of the membrane material to achieve improved performance.
Morphological features influencing transport in these membranes and have been extensively studied. In addition to transport measurements, Nafion@ has been studied by a host of experimental techniques, including the following: small and wide angle x-ray scattering (4, 5) , dielectric relaxation (6), and a number of microscopic (7-9) and spectroscopic (10) (11) (12) (13) (14) studies.
The emerging picture of the morphology of hydrated Nafion@ is that of a two-phase system made up of a water-containing ion cluster network sumounded by a hydrophobic polytetrafluoroethylene @TFE) medium. The integrity and structural stability of the membrane is provided by a PTFE backbone and the hydrophilic clusters facilitate the transport of ions and water in the membrane. These clusters or pores are conceptually described as lined by an interracial region of hydrated, sulfonate-terrninated perfluoroether side chains surrounding a central region of 'bulk-like' water. Counterions such as H+, Li+ etc. are found in the vicinity of the sulfonates (15, 16) .
Upon uptake of water, the dimension and shape of the clusters are determined by osmotic equilibrium and the elasticity of the organic matrix (17) . There is, however, no consensus on the structure of the electrolyte-containing clusters. Gierke et al (5, 18, 19) proposed that the clusters were spherical inverted micelles of 40- 
Importance to LANL's Science and Technology Base and National R&D Needs
Under a proposed carbon management scenario, methane produced at a wellhead will be converted to 1$ and COZ. The latter will be re-injected into the well while the hydrogen will be piped away and converted to electricity where needed. This strategy allows the tapping of large domestic reserves of methane for energy production without evolving COZ. Polymer electrolyte fuel cells (PEFCS) area central component of such strategies for carbon management. PEFCS are advanced, high efficiency, high power, energy conversion devices. In addition to their implication for the carbon management scheme mentioned above, the improved efficiency and low emissions resulting from implementation of fuel cells will also serve carbon reduction goals.
Intense international development of PEFCS for automotive and residential utility use is presently underway. LANL is a central player in that development. Other polymer electrolyte-based electrochemical devices are also being investigated for increased efficiency and environmental friendliness.
Scientific Approach and Accomplishments
At an early stage in this project, we developed a simple picture to rationalize experimental results and indicate directions for further study. This picture begins with a consideration of the implications of isopiestic equilibration data for the membranes exposed to water. This data, shown in Figure 1 , gives us a direct measure of the water activity (aW) in the membrane for any given water content. There are two distinct regions of water uptake. At aW<0.7, a small and nearly constant~0 content (~) is achieved. This corresponds to~0 of solvation of the fixed 4 ionic sites and protons. At higher aW, the polymer is swollen with water. Various spectroscopic and other probes have shown that solvation water is less mobile, yielding lower H+ conductivity.
Activation energies and volumes for transport processes are also higher for lower water content.
Water uptake decreases above room temperature at high aWbut not at low aW. The impact of the water content on the membrane protonic conductivity is shown for several closely related membranes in Figure 3 . Conductivity decreases sharply as the LO content approaches 5 waters per sulfonate for some of the membranes. On the other hand, the sharpest change in activation energy associated with conduction or water diffusion occurs at somewhat lower water content, 2-3 waters per sulfonate. Measures of water mobility such as diffusion
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. , coefficient or 2H relaxation time indicate higher water mobility at higher water content. We (3) and Kreuer (23) have shown that the calculated proton and water diffusion coefficients are similar at low water contents but diverge (with D(H+) higher) at higher water contents. This is considered an indicator of Gr@thuss-like hopping of protons at high water contents. As the water becomes more 'bulk-like', conduction can occur by proton 'hand-off' between~0 molecules and F$,O and proton motions are more decoupled. However, the electroosmotic drag coefficient, the coupling between H+ and~0 fluxes in the membrane, increases with increasing~0 content.
We discussed this apparent paradox previously (3). The first steps in our recipe for constructing a complete picture of transport involve calculations of several types, yielding several pieces of the overall puzzle. These include quantum mechanical (Qh@ molecular electronic structure calculations, calculations including a continuum dielectric solvation environment around the optimized structures obtained from the QM calculations, and a new method for studying solvation energetic, quasichemical solvation theory.
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We began with a study of trifluoromethanesulfonic (triflic) acid. We reported theoretical calculations on the triflic acid with and without an additional water molecule. The optimized geometry determined for the isolated triflic acid molecule, obtained from ab initio molecular orbital calculations, agrees with previous studies. In order to characterize side chain flexibility and accessibility of the acid proton, potential energy and free energy surfaces for rotation about both carbon-sulfur and sulfur-oxygen(hydroxyl) bonds are presented. We carried out additional ab initio electronic structure calculations with a probe water molecule interacting with the triflic acid.
The minimum energy structures found here for the triflic acid molecule with the probe water revise results reported previously. To investigate the reaction path for extraction of a proton from triflic acid, we found minimum energy structures and energies for isolated molecular fragments, and solvation free energies fo~(a) a docked configuration of triflate anion and hydronium cation and (b) a transition state for proton interchange between triflic acid and a water molecule. Those configurations are structurally similar but energetically substantially different. The activation free energy for that proton interchange is predicted to be 4.7 kcal/mol above the reaction end-points.
Such calculations yield gas phase information on water/acid adducts. An additional step performed is shown in Figure 6 . In this work, we 'immersed' the molecule in a dielectric continuum. This was carried out in an investigation of rotational barriers in triflic acid but has not been applied to date to hydrated triflic acid. 
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provides natural transition path to the partial unfolding of the side chain. The potential energy surface for this rotation was determined and the results show that the staggered fluorine conformation of the head group is unchanged with rotation. This rotation produced conformations approximately 40% longer (8.5A) and about 3.5 kcal/mol higher in energy after surmounting a barrier of about 4.6 kcal/mol. Additional searching for stretched conformations of the side chain led to the discovery of an even longer (9.8A) minimum energy conformation that was entirely unfolded with the ether oxygen atoms located tram relative to one other. This unfolded conformation is essentially isoenergetic (+0.1 kctimol) with the (folded) minimum energy conformation. The existence of a small number of well-defined "short" and "long" side chain conformations, with substantially similar head-group chemistry, suggests the speculative view that hydration-dependent equilibria between these conformations should be a significant feature in physical models of the function of Nafion@. Equilibrium geometries were also obtained for both the folded and the unfolded acid side chains, each with an associated single water molecule. Water was found to interact very little with sidechain components other than the sulfonic acid. Thus, the acidic functionality of Nafion was subsequently represented as triflic acid.
To develop more sophisticated treatments of solvation in Nafion@, we have extended our theoretical studies of the water surrounding ionic groups in sulfonic acid membranes. The computational work described above has suggested that this simple system is an appropriate model capturing the needed properties to describe solvation of the side chain of Nafion@ since the initial solvation is primarily in the vicinity of the sulfonic acid site. The first several water molecules interacting with the sulfonic acid site, which we term the 'interracial waters,' turn out to be a key element missing in existing continuum-based simulations of water dynamics in Nafion@.
Triflic aci~water clusters were the next target of study. Quantum mechanical calculations were carried out to determine optimized geometries for water complexes with the triflate anion and triflate hydronium ion pair.
Minimum energy structures found for the clusters C&$O#(HzO)~with n=l,2,3 and n=4,5,6 are shown in Figures 7 and 8 , respectively. The foremost point is that the acid proton remains associated with the sulfonic acid moiety for n=l and 2. Three water molecules are required before a definitely dissociated acid proton is recognized in the lowest energy structure.
For the simpler case of HC1 (31) , and also for polystyrenesulfonic acid (32), the first water of hydration is not sufficient to stabilize an ion pair configuration. The experimental results for polystyrenesulfonic acid (32) indicate that the second water of hydration is sufficient to dissociate the acid proton. The polystyrenesulfonic acid results also point to the importance of the H502+ structure, the "Zundel" cation, for this proton dissociation mechanism. The present results 9 suggest that the sufficiency of the second water molecule need not be universal. However, we emphasize that the results of Figure 7 do not include any affects of a condensed phase environment (33) . This could be due to the presence of the three sulfonate oxygen atoms in this particular special case. Note that the acid proton doesn't dissociate from the sulfonic acid for n=l and 2 but does dissociate for n=3. In the latter case, the ball and labeled arrows on the right show the distances of near neighbor oxygen atoms to the oxygen atom that bears the additional proton.
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Figure 7: Minimum energy structures found for CF~SO~H(HzO)~clusters for n=4 (top), n=5 (middle), and n=6 (bottom).
The ball and labeled arrows on the right show the distances between interesting oxygen atom neighbors.
The n=4 and 6 structures are "Eigen''-like and the n=5 structure is "Zundel''-like.
In our results (Figure 6 ), when the proton does separate from the acid with the third water molecule, the structure formed is highly suggestive of the "Eigen" cation, HgOA+.The larger clusters ( Figure 7) show both "Eigen" (n=4 and 6) and "Zundel" (n=5) structural patterns associated with the additional proton. Thus, we anticipate that both of these structures should be involved in the fuller molecular description of acid dissociation in these materials.
One particularly important result is highlighted in Figure 8 . There we show the optimized structures for triflate anion plus hydronium ion with 4 and 5 waters. An important transition in the structure of the system takes place between these two calculations: the hydronium ion is displaced from intimate interaction with the triflate anion by the addition of the fifth water molecule (or sixth if one counts from the sulfonic acid). This is evidenced by dramatic changes in the hydronium-H to sulfonate-O bond distance. Also note that the hydronium ion is only coordinated to two water molecules until 5 water molecules are added to the system. Then the 11 hydronium coordinates with the water molecules as opposed to the triflate anion. (qCF3S03H / ')(!?H20 i ')" [3] where the qa are molecule (or cluster) partition functions (37) . Standard electronic structure packages such as the Gaussian package can produce these coefficients within the harmonic approximation because they can compute molecular vibrational frequencies for the structures obtained. Moreover, the interactions involved in formation of these complexes are genuinely chemical. Electronic structure methods are appropriate and classical force-field models are currently not available. The adequacy of the harmonic approximation for these purposes has yet to be directly tested and the development of these approaches is in an early stage. [4] The K. indicates that extra-cluster contributions, due to the environment more distant than the near neighbor water molecules, must be eventually considered (36, 48) . The notational convention is K. = 1. pO is a probability describing the free energy required to prepare for the cluster, a cavity in the medium. This contribution is associated with packing effects and is expected from an external theory addressing these features (39) (40) (41) (42) (43) (44) . Again, we emphasize that the practical adequacy of the current understanding of these additional features has not been directly tested in the present context and subsequent developments will have to focus on these requirements.
We also emphasize that this approach is constructive in style. Only a small number of terms in the series in Eq. [3] are expected to be significant; and the various contributions are well defined and physically natural. Therefore, we can take the attitude that several clear contributions need to be studied and effective descriptions of each contribution need to be secured. Note also that this methodology can be readily extended to other acids and solvents by performing the relatively simple QM electronic structure calculations. Furthermore this method is intuitively related to directly measurable thermodynamic quantities such as the free energy of formation of solvated acid groups.
Our modeling efforts directed at studying transport occurring over a longer range have thus far involved two primary thrusts: (a) a statistical mechanical approach to the calculation of the molar conductivity; and (b) a molecular dynamics simulation resulting in the computation of the protonic current. These models focus on the coupled transport of protons and water in an arbitrary hydrated pore of Nafion@. Once again, the extensions to other membranes and pore fluids are fairly straightforward with incorporation of membrane and solvent specific structural parameters.
In this model the hydrated PEM pore is assumed to have cylindrical geometry. The fixed anionic charge sites (due to the pendant side chains) are modeled as a periodic array of charges that exert a periodic potential within the pore on the inside surface. Molecular information from the earlier quantum mechanical calculations is incorporated into the periodic potential. The total
Hamiltonian is derived for a hydronium ion as it moves through the hydrated pore and is affected by the following four potentials: (a) the interaction potential between the hydronium ion and the 13 solvent -modeled as an ion-dipole interaction; (b) the interaction potential experienced by the hydronium ion due to the presence of the pendant chains; (c) the solvent-solvent interaction potential -modeled as a dipole-dipole interaction; and (d) the interaction potential of the solvent in the presence of the pendant chains. From an analytical expression for the total energy of the hydronium ion in the pore, we derive the corresponding probability density through solution of the Liouville equation. This probability density is then used to compute the friction tensor for the hydronium ion. Two types of contributions are obtained: (a) the solvent-ion interactions for which the conventional continuum model is adopted; and (b) the interaction between the pendant charges and the hydronium ion. Preliminary results (45, 46) look promising: predicted shortrange hydronium ion nobilities are on the same order of magnitude of experimentally derived quantities without invoking full detail of proton hopping.
As in the statistical mechanical model, our molecular dynamics approach (46) assumes anionic charge distributed in a periodic fashion on the inside of the pore walls. Temporally averaged ion conductivity is obtained at constant temperature and with a constant field by considering various levels of molecular modeling (47) and details of the water molecules and pore geometry obtained through our electronic structure calculations. The simulations are carried out using periodic boundary conditions (48) in the direction of the externally applied field. The proton conductivity in the pore is computed as a function of water content, ion type, temperature, and pore wall geometry.
To summarize the state of completion of the various theoretical studies, we are presently poised on the cusp of developing a unified model of conduction in Nafion@. Reasonably straightforward extensions of this work will lead to results for other transport parameters such as electroosmosis and water diffusion. We can then begin to wrestle with the problem of polymer morphology and a more sophisticated treatment of inter-side chain interactions.
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